INTRODUCTION {#sec1}
============

Dengue viruses (DENVs) are among the most important mosquito-borne pathogens that cause illness in humans. The incidence of disease caused by DENV has increased dramatically worldwide over recent decades ([@B1]). Four virus serotypes (DENV-1 to -4) circulate concomitantly in different regions of the world. These serotypes are responsible for infections that are either asymptomatic or able to cause a spectrum of clinical signs from classic dengue fever (DF) to dengue hemorrhagic fever (DHF) or dengue shock syndrome (DSS). These viruses have a sylvatic transmission cycle in nonhuman primates (NHPs), which may serve as a reservoir of epidemic DENV ([@B2][@B3][@B4]). Macaques (mainly Macaca mulatta and Macaca fascicularis) do not develop overt disease after experimental infection with human dengue virus strains. However, they are able to sustain viral replication in cell types relevant to human infection and develop a strong immune response ([@B5][@B6][@B10]). These monkey species therefore represent useful animal models for investigating various aspects of dengue virus infection and for evaluating candidate formulations of dengue vaccines ([@B11][@B12][@B18]). Among these formulations is the CYD-TDV dengue vaccine, a live-attenuated, tetravalent, chimeric yellow fever virus (YFV) developed by replacing the genes encoding the prM and E surface glycoproteins of the attenuated YFV 17D-204 strain by the respective counterparts from DENV-1, -2, -3, and -4 ([@B14]). The license for this vaccine (Dengvaxia) was based on one phase IIB (CYD23) and two large phase III (CYD14 and CYD15) efficacy trials in Asia-Pacific and Latin America in populations with a history of preexposure to flaviviruses ([@B19][@B20][@B22]). The pooled rate of overall efficacy for symptomatic dengue during the first 25 months of both phase III studies was 65.6% (95% confidence interval \[CI\], 60.7 to 69.9%) in subjects aged 9 to 16 years, irrespective of their dengue virus serostatus at baseline ([@B20]). A high level of protection was achieved against DENV-4 (83.2%; 95% CI, 76.2 to 88.2%), whereas the lowest level of efficacy was achieved against DENV-2 (47.1%; 95% CI, 31.3 to 59.2%). Complementary analyses have recently confirmed preliminary observations of a major role for prior dengue virus exposure in vaccine performance. Efficacy levels were statistically significant in seropositive participants but remained low to modest in those who were seronegative (S. Sridhar, A. Luedtke, E. Langevin, M. Zhu, M. Bonaparte, T. Machabert, S. Savarino, B. Zambrano, A. Moureau, A. Khromava, Z. Moodie, T. Westling, C. Mascarenas, C. Frago, M. Cortes, D. Chansinghakul, F. Noriega, A. Bouckenooghe, J. Chen, S. P. Ng, P. B. Gilbert, S. Gurunathan, and C. A. DiazGranados, submitted for publication).

During CYD-TDV development, the bioequivalence of vaccine batches across phase I, phase II, and phase III process steps was demonstrated by using the NHP model. The safety and immunogenicity profiles, consisting of transient, low-level vaccine viremia after the first inoculation and the induction of neutralizing antibodies (NAbs) against each of the four DENV serotypes after one or more vaccinations, were found to be consistent and in agreement with those observed in humans ([@B14][@B15][@B16], [@B23][@B24][@B28]).

Readouts of vaccine efficacy differ between humans and NHPs, i.e., protection against disease and viremia, respectively. Therefore, the capacity to protect against viremia after NHP challenge is considered more an indicator of vaccine potency ([@B18]). For this reason, and for cost and ethical considerations, the protective activity of CYD-TDV in macaques was evaluated only after the first stage of vaccine development using phase I vaccine lots. In this unique study, CYD-TDV was shown to confer almost full protection against wild-type (wt) DENV infection, with the percentage of aviremic animals ranging from 83% (DENV-1 and DENV-4) to 100% (DENV-2 and DENV-3) ([@B15]). Differences in rates of CYD-TDV efficacy between preclinical and clinical data indicated that protective activity in monkeys did not necessarily predict vaccine protection in humans. This offered a unique opportunity to improve the predictive value of the NHP model via a reverse translational approach.

A major limitation of the current NHP model is that viremia levels achieved after experimental dengue virus infection are generally lower than those observed following natural infection in humans ([@B7], [@B29]). Therefore, the milder challenge conditions may have resulted in an overestimation of the potency of CYD-TDV, especially against serotype 2. Most NHP challenge protocols for rhesus or cynomolgus macaques involve inoculation with 10^4^ to 10^6^ log~10~ PFU of DENV by the subcutaneous (s.c.) or, less frequently, the intradermal (i.d.) route. Each of these routes is considered to reflect virus delivery following the bite of an infected mosquito ([@B30][@B31][@B33]). Inoculation of DENV via the intravenous (i.v.) route may mimic direct injection into blood capillaries when a mosquito feeds on its host ([@B34][@B35][@B37]). Sustained levels of viremia accompanied by signs of dengue hemorrhages have been reported for rhesus macaques experimentally infected with DENV by this route ([@B36]).

The first objective of the work presented here was to develop a more virulent DENV-2 infection model in monkeys. The s.c., i.d., and i.v. inoculation routes were compared in cynomolgus macaques with two doses of DENV-2 (10^5^ and 10^7^ log~10~ 50% cell culture infectious doses \[CCID~50~\]). The most virulent conditions were then selected to reassess protection against viremia conferred by the CYD-TDV vaccine in cynomolgus macaques challenged with either DENV-2 or DENV-4. Animals were vaccinated with CYD-TDV clinical lots used in the efficacy trials, CYD14, CYD15 (phase III), and CYD23 (phase IIB), or with monovalent (MV) CYD-2 lots used for the preparation of CYD-TDV batches from CYD14 or CYD15 trials. Serological responses, including DENV-specific neutralizing antibodies (NAbs), proposed as potential correlates of protection in most flaviviral infections in both NHPs and humans ([@B38][@B39][@B43]) and antibody (Ab)-based enzyme-linked immunosorbent assay (ELISA) responses to YFV and DENV antigens were analyzed at different time points pre- and postchallenge. Using this more-virulent model, lower levels of protection against DENV-2 than against DENV-4 were observed, in better agreement with the clinical efficacy of the vaccines.

RESULTS {#sec2}
=======

Selection of the most effective dengue virus infection conditions in NHPs. {#sec2-1}
--------------------------------------------------------------------------

The aim of the first study was to establish the administration route/dose combination that produced the highest level of DENV-2 viremia in cynomolgus macaques. Six groups of macaques were inoculated with DENV-2 at 5.0 or 7.0 log~10~ CCID~50~ by either the s.c., i.d., or i.v. route (study A) ([Table 1](#T1){ref-type="table"}). Viral genomic RNA was quantified in plasma samples (RNAemia) from days 1 to 14 postinfection. Titers were compared to those obtained under standard experimental infection conditions (5.0 log~10~ CCID~50~ by the s.c. route) ([Fig. 1](#F1){ref-type="fig"}). Individual RNAemia profiles elicited in animals infected by the i.d. or s.c. route were much more variable than those elicited in animals infected by the i.v. route, although the mean durations were similar (about 5 to 6 days). Furthermore, increasing the inoculum dose resulted in a shorter time to RNAemia irrespective of the administration mode. Both dose and route effects were demonstrated based on genomic RNA peak titers, with the highest titers being observed after i.v. high-dose inoculation (for mean peak value comparisons, 7 log~10~ CCID~50~ \> 5 log~10~ CCID~50~, *P* = 0.0001; i.v. \> s.c., *P* = 0.048; i.v. \> i.d., *P* \< 0.0001; i.d. versus s.c., *P* = 0.11). The magnitude of viremia was estimated by calculating the mean area under the curve (AUC) for RNAemia. Here too, the group inoculated i.v. with DENV-2 at a high dose displayed the highest mean AUC compared with the other tested conditions (mean AUCs ranging from 17.3 ± 0.9 to 14.0 ± 0.3 for i.v. administration of 7.0 log~10~ CCID~50~ and s.c. administration of 5.0 log~10~ CCID~50~, respectively; *P* \< 0.05). This i.v./high-dose protocol thus appeared to fulfill our initial objective and was selected to reassess the immunoprotective efficacy of the CYD-TDV dengue vaccine against DENV-2 infection in further experiments.

###### 

Design and sampling of DENV infection studies in cynomolgus macaques

  Group (no. of animals)   Immunizations and challenges   Blood sampling days                       
  ------------------------ ------------------------------ ----------------------------------------- -----------------------------
  Study A                                                                                           
      A, B, C (5)          DENV-2 (0)                     5 log~10~; s.c. (A), i.d. (B), i.v. (C)   1--14
      D, E, F (5)          DENV-2 (0)                     7 log~10~; s.c. (D), i.d. (E), i.v. (F)   1--14
  Study B                                                                                           
      A, B, C (6)          CYD-TDV (0, 56)                5 log~10~/serotype/dose; s.c.             1--14, 28, 49, 84, 149, 305
                           DENV-2 (315)                   7 log~10~; i.v.                           1--14, 28 postchallenge
      D (6), E (7)         MV-CYD-2 (0, 56)               5 log~10~/serotype/dose; s.c.             1--14, 28, 49, 84, 149, 305
                           DENV-2 (315)                   7 log~10~; i.v.                           1, 14, 28 postchallenge
      F (7)                DENV-2 (315)                   7 log~10~; i.v.                           1--14, 28 postchallenge
  Study C                                                                                           
      A, B (6)             CYD-TDV (0, 56)                5 log~10~/serotype/dose; s.c.             1--14, 28, 49, 84, 149, 305
                           DENV-2 (315)                   7 log~10~; i.v.                           1--14, 28 postchallenge
      C, D (6)             CYD-TDV (0, 56)                5 log~10~/serotype/dose; s.c.             1--14, 28, 49, 84, 149, 305
                           DENV-4 (315)                   7 log~10~; i.v.                           1--14, 28 postchallenge

![Selection of dose and route of DENV-2 inoculation (study A). NHPs were inoculated with 5.0 log~10~ CCID~50~ (A) or 7.0 log~10~ CCID~50~ (B) of DENV-2 strain 16681 via the route indicated in each graph: subcutaneous (SC), intradermal (ID), or intravenous (IV). The amount of viral RNA in plasma samples was quantified at different days postinoculation by a DENV-specific RT-qPCR assay. Each line represents the RNAemia curve for an individual macaque. Mean peak titers (log~10~ GEQ per milliliter) ± standard deviations are indicated at the top of each panel (for mean peak value comparisons, 7 log~10~ CCID~50~ \> 5 log~10~ CCID~50~, *P* = 0.0001; i.v. \> s.c., *P* = 0.048; i.v. \> i.d., *P* \< 0.0001; i.d. versus s.c., *P* = 0.11).](zjv0121835870001){#F1}

Postvaccination CYD viremia and humoral responses. {#sec2-2}
--------------------------------------------------

In the second study, three groups of macaques were immunized by the s.c. route twice, at a 2-month interval (days 0 and 56), with human doses of CYD-TDV from clinical batch CYD14, CYD15, or CYD23 used in the corresponding phase III or phase IIB trials. This immunization schedule was used previously to document the preclinical bioequivalence of vaccine batches during CYD-TDV development and was shown to induce viremia and immune responses that were relatively close to those achieved in humans ([@B28]). Two additional groups were similarly immunized with the MV CYD-2 vaccine from CYD14 and CYD15 batches to evaluate the contributions of the other serotypes to virological, immunological, and protective responses elicited against serotype 2 in the tetravalent formulation (study B) ([Table 1](#T1){ref-type="table"}).

The CYD viremia profiles assessed by reverse transcription-quantitative PCR (RT-qPCR) were consistent with those reported previously ([@B44]) ([Fig. 2A](#F2){ref-type="fig"}; see also Table S1 in the supplemental material). Briefly, CYD-1, CYD-2, and CYD-3 genomic RNAs were transiently detected at low levels in the plasma of some CYD-TDV-vaccinated monkeys, soon after the first injection. In contrast, CYD-4 genomic RNA was consistently detected in all macaques. It was notable that the frequencies of CYD-2 genomic RNA detection were not statistically different between monovalent and tetravalent formulations (*n* = 9/13 and *n* = 7/12 serotype 2 RNA-positive monkeys for the MV CYD-2 and CYD-TDV formulations, respectively; *P* = 0.16) (Table S1).

![Viremia and immune responses induced after CYD immunization. (A) CYD RNAemia following s.c. immunization of NHPs with CYD-TDV or MV CYD-2 lots. Total RNA was extracted from plasma samples taken daily between days 2 and 11, and CYD titers were determined by using a one-step RT-quantitative PCR assay using serotype-specific primers ([@B58]). The mean titers ± standard deviations by serotype are indicated for each formulation (i.e., 3 groups with a mean of 18 monkeys for CYD-TDV and 2 groups with a mean of 13 monkeys for MV CYD-2). The dotted line indicates the lower limit of detection. (B) YFV NS1 ELISA antibodies were measured by a single-dilution ELISA using a purified His-tagged recombinant NS1 antigen (The Native Antigen Company Ltd.), and sera were tested at a 1:2,000 dilution. The positive cutoff was set at 0.01. GMTs and 95% CIs are shown. (C) Neutralizing antibodies to each of the four DENV serotypes (indicated at the top of each graph). Arrows indicate vaccination days. Plain curves indicate CYD-TDV groups. Dotted curves indicate MV CYD-2 groups. The dotted lines indicate the lower limit of quantification (LOQ = 10). GMTs and standard deviations are shown as logarithmic values. No significant difference was observed between groups. Blue, CYD14 lot; red, CYD15 lot; green, CYD23 lot.](zjv0121835870002){#F2}

As part of their replication cycle, CYD viruses secrete the hexameric form of YFV nonstructural protein 1 (NS1) common to the chimeric backbone of the four serotypes. YFV NS1-specific antibodies were monitored in a single-dilution ELISA as an indirect indicator of active CYD replication in MV CYD-2-vaccinated monkeys ([Fig. 2B](#F2){ref-type="fig"}). YFV NS1 antibodies were detected at day 28 in all animals, including those negative for CYD-2 genomic RNA (*n* = 4/13). Antibody levels did not increase after the second vaccine dose (*P* = 0.18 for day 84 versus day 28) and were still detectable at day 305, i.e., 8 months after the second vaccine dose. No difference was observed between the two MV CYD-2 groups or between the MV CYD-2 and CYD TDV groups (*P* = 0.16). Using single-dilution commercial ELISA kits, a transient induction of DENV-specific IgM was detected in all groups. This peaked at day 28 and was followed by a gradual switch to IgG between the first and second doses. No difference was observed between the MV CYD-2 groups or between the CYD-TDV groups (data not shown).

Serum NAb titers to each DENV serotype were measured by a 50% seroneutralization (SN~50~) assay after dose 1 at days 28 and 49 and after dose 2 at days 84, 149, and 305 ([Fig. 2C](#F2){ref-type="fig"}). Geometric mean titers (GMTs) increased after each immunization, whatever the serotype and formulation. The hierarchy of responses 1 month after the second dose (day 84) was similar to that observed previously in this model, namely, dominant responses against serotypes 1 and 4 and lower-level responses against serotypes 2 and 3 ([@B28]). No significant difference in terms of the numbers of responders or magnitudes of the response was detected between groups at later time points (*P* \> 0.05 for all). SN~50~ responses to all serotypes persisted for about 8 months after the last immunization (day 305) in both MV CYD-2- and CYD-TDV-vaccinated groups, except for a slight decrease in DENV-1 SN~50~ titers between days 84 and 305 (−0.46 log~10~ units; *P* = 0.007). The response to serotype 2 plateaued at day 84 in MV CYD-2-vaccinated groups and slightly later in CYD-TDV-vaccinated groups, between days 84 and 149.

Protection against DENV-2 challenge. {#sec2-3}
------------------------------------

Eight months after the last vaccine dose (day 315), immunized monkeys were challenged, together with a group of nonvaccinated animals, under the optimized infection conditions (7.0 log~10~ CCID~50~ of the DENV-2 16681 strain by the i.v. route; study B) ([Table 1](#T1){ref-type="table"}). No overt clinical signs were recorded after challenge. An increase in glutamate-pyruvate transaminase (GPT) levels, mainly at day 7 postinfection, was observed in a small number of monkeys, distributed across the treatment groups. This effect, judged likely to be associated with DENV infection, was followed by a progressive decrease and a return to baseline values by day 28 postchallenge (see Table S2 in the supplemental material).

DENV-2 genomic RNA was quantified in plasma samples on a daily basis up to day 5 postchallenge. It was then measured every two (or three) days up to day 14, with a final time point at day 28 ([Fig. 3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}). Viral RNA was not detected in two animals from CYD-TDV groups (monkeys CD071 and CD262). Seven other monkeys (monkeys CC687, CC808, and CC891 in the MV CYD-2 groups and monkeys CD173, CC791, CD167, and CD140 in the CYD-TDV groups) showed evidence of abortive infection, meaning that there was no increase in genomic titers beyond day 1 and/or no development of full RNAemia curves (defined as at least 2 consecutive days with values above the quantification limit). DENV-2 propagation was observed in all other challenged animals vaccinated with either CYD-TDV (*n* = 12/18) or MV CYD-2 (*n* = 10/13) or nonvaccinated animals (*n* = 7/7), as shown by the early development of RNAemia curves. For both immunized and control animals, the time to peak RNAemia was 2 to 3 days on average. In comparison with nonvaccinated controls, infection was fully resolved (RNA titer lower than the limit of detection \[LOD\]) or nearly resolved (RNA titer ≤2× LOD) by day 5 postinfection in all vaccinated animals, except for one monkey in the CYD-TDV CYD23 group (monkey CD031) (*n* = 30/31). Low titers of DENV-2 RNA that did not exceed the LOD by 2-fold were also observed occasionally after day 5 and up to day 11 postchallenge in animals from the CYD-TDV CYD23 group and were likely to be not biologically significant (estimated infectious titers of 1 to 10 PFU/ml based on preestablished genome equivalent (GEQ)/PFU ratios \[[@B45]\]).

![DENV-2 RNAemia after i.v. challenge with 7.0 log~10~ CCID~50~ of DENV-2 (study B). (A) Macaques vaccinated with MV CYD-2. (B) Macaques vaccinated with CYD-TDV. Total RNA was extracted from plasma samples at the indicated days postchallenge (the baseline sample collected at day −10 is referred to as day 0 for clarity), and DENV-2 genomic RNA was quantified by RT-qPCR. Left panels show mean RNA titers ± standard deviations for each formulation. Right panels show individual monkey RNA titers for each formulation (the animals are indicated at the top, except for mock-infected animals, which showed very similar profiles). Best mathematical curve fits are shown (*R*^2^ ≥ 0.95 for all). No line indicates that there was no or aborted viral replication (i.e., no increase in the genomic titer beyond day 1 and/or no development of full RNAemia curves, defined as at least 2 consecutive days above the quantification limit). The limit of quantification was 3.0 log~10~ GEQ/ml.](zjv0121835870003){#F3}

The ability of the CYD-2 vaccine, as a monovalent or tetravalent formulation, to control the magnitude of DENV-2 infection was analyzed after pooling individual virological parameters, i.e., RNAemia duration, peak titer, and AUC up to day 5, from either the three tetravalent or the two monovalent groups. The mean durations of DENV-2 RNAemia were similar between CYD-TDV and MV CYD-2 groups (3.0 ± 1.4 and 3.0 ± 0.8 days, respectively) but shorter than that for nonvaccinated animals (5.0 ± 0.0 days; *P* ≤ 0.001). In addition, there appeared to be no differences in mean AUCs and RNA peak titers in monkeys from the CYD-TDV and CYD-2 MV groups (AUCs, 3.9 ± 2.9 and 4.0 ± 2.4, respectively; peak titers, 4.2 ± 0.8 and 4.3 ± 0.7 log~10~ units; *P* = 0.62 and 0.55). However, these values were significantly lower than those for the nonvaccinated group (AUC, 13.6 ± 1.2; peak titer, 6.7 ± 0.2 log~10~ units; *P* ≤ 0.001 for all).

Postchallenge ELISA responses to DENV antigens. {#sec2-4}
-----------------------------------------------

IgG serum antibody titers to secreted DENV-2 NS1 were monitored in the challenged monkeys by a single-dilution ELISA using His-tagged recombinant hexameric NS1 as the coating antigen ([Fig. 4A](#F4){ref-type="fig"}). DENV-2 NS1 antibodies were detected in all monkeys, positive or not for DENV-2 genomic RNA, 1 month after challenge (day 28). Higher levels were reached in nonvaccinated than in vaccinated animals (*P* \< 0.0001 for all), consistent with the reduction of DENV-2 RNA titers observed in all vaccinated groups. These levels were not different regardless of whether the CYD-2 vaccine was injected as a monovalent or a tetravalent formulation (*P* = 0.81), confirming that the immune response induced by heterologous serotypes in the tetravalent formulation had a low impact on protective activity against DENV-2. A slight increase in YFV NS1 titers after DENV-2 challenge was also observed for both monovalent and tetravalent CYD15 groups (*P* = 0.03 by a Wilcoxon paired *t* test). Although preliminary experiments conducted with few sera from naive animals inoculated with CYD-TDV or DENV-2 showed no cross-reactivity between DENV-2 and YFV soluble NS1 antigens ([Fig. 4B](#F4){ref-type="fig"}), we cannot exclude a low level of cross-reactivity in these vaccinated animals submitted to high challenge doses.

![Evolution of vaccine-specific ELISA responses after DENV-2 challenge (study B). (A) YFV NS1- or DENV-2 NS1-specific IgG antibodies were detected by an ELISA using purified His-tagged recombinant NS1 antigens, as described in the legend of [Fig. 2A](#F2){ref-type="fig"}. (B) Specificity of NS1 antibody capture ELISAs. Titers of antibodies in sera from NHPs immunized with DENV-2 (*n* = 6), DENV-4 (*n* = 1), YFV 17D (*n* = 1), or CYD-TDV (*n* = 5) or from naive animals (*n* = 6) were quantified over a wide range of 2-fold serial serum dilutions using DENV NS1 (black bars) or YFV NS1 (gray bars) soluble protein as the coating antigen. The titer of the reference serum was established in repeated, independent assays and calculated as the mean of the reciprocal serum dilution giving an OD~450--650~ of 1.0. The positive cutoff was set at 20 (1.3 log~10~ EU), and an arbitrary value of 10 (1 log~10~ EU) was assigned to all titers below this cutoff. (C and D) Levels of DENV-specific IgM (C) and DENV-specific IgG (D) were measured by an ELISA using commercial assays developed for diagnostics that have been proven to work with monkey sera. Coding of bars is as follows: white, day −10; squares, day 4; dots, day 7; black, day 14; grey, day 28. The dotted line indicates the positive threshold for human sera (index value of ≥1).](zjv0121835870004){#F4}

DENV-specific IgM and IgG were measured before challenge (day −10) and at days 4, 7, 14, and 28 postchallenge by using human diagnostic ELISA kits (Focus Diagnostic) based on purified, inactivated dengue virus types 1 to 4 as capture antigens. These assays were thus also specific for CYD-TDV viruses that expose only the DENV envelope on their surface. In both control and vaccinated groups, DENV-specific IgM responses were increased at days 7 and 14 post-DENV-2 challenge compared to prechallenge responses (day −10) ([Fig. 4C](#F4){ref-type="fig"}; see also Table S3A in the supplemental material). Of note, DENV-specific IgM was detected in all vaccinated animals on at least one time point, including monkeys with no detectable RNAemia (Table S3A). Compared with the control group, the IgM index values were significantly low for all vaccinated groups at day 14 (*P* \< 0.01 for all, as determined by Dunnett adjustments by day) and in CYD-TDV CYD23 and CYD14 tetravalent groups at day 7 (*P* = 0.0041 and *P* = 0.0087, respectively), with lower-level DENV-2 viremia being observed for these animals.

DENV-specific IgG levels were also increased in all vaccinated animals compared to their prechallenge baseline levels (*P* \< 0.01 for all, as determined by Dunnett adjustments by treatment for day −10/day 4) ([Fig. 4D](#F4){ref-type="fig"} and Table S3B). This increase appeared earlier (day 4 instead of day 7) and was stronger in vaccinated groups than in nonvaccinated controls, at all time points.

Neutralizing antibody responses after DENV-2 challenge. {#sec2-5}
-------------------------------------------------------

After DENV-2 challenge, nonvaccinated animals developed a strong homotypic neutralizing response to the infecting serotype, together with a strong heterotypic neutralizing response to DENV-1. In contrast, weak levels of heterotypic antibodies to DENV-4, and even lower levels of antibodies to DENV-3, were induced at the tested time point ([Fig. 5](#F5){ref-type="fig"}).

![Neutralizing antibodies elicited after DENV-2 challenge (study B). NAb titers in serum samples collected at day −10 before DENV-2 challenge (plain bars) and at day 7 (CYD-TDV and control groups) or day 28 (MV CYD-2) after DENV-2 challenge (hatched bars) were quantified by an SN~50~ assay. As no significant difference in titers was observed between the three CYD-TDV or the MV CYD-2 groups (see Table S4 in the supplemental material), only one representative group is shown for each vaccine (CYD-TDV CYD14 and MV CYD-2 CYD14). A titer of half the limit of detection was assigned to negative samples, i.e., 0.7 log~10~ units. The fold increases in SN~50~ titers against each DENV serotype (days 1 to 4) are presented at the bottom for all groups. The dashed line indicates the limit of detection. Statistical comparisons were performed by using a mixed model with repeated measurements. *Post hoc* Tukey adjustments were performed by group for each comparison to ensure a final 5% risk. Additional comparisons are summarized in Table S4. ns, nonsignificant (*P* \> 0.05); \*\*\*, *P* ≤ 0.001; \*\*, *P* ≤ 0.01; \*, *P* ≤ 0.05.](zjv0121835870005){#F5}

In vaccinated groups, neutralizing antibody responses were homogeneous within groups treated with the same formulation (monovalent or tetravalent), and the same serotype hierarchy was observed (see Table S4 in the supplemental material). Statistical data described below relating to both MV CYD-2 and CYD-TDV CYD14 groups are representative of those for the other vaccine groups (Table S3C).

Just before challenge, monkeys vaccinated with MV CYD-2 lots still had detectable neutralizing antibodies to DENV-2 but also displayed heterotypic NAbs to serotype 4 ([Fig. 5](#F5){ref-type="fig"}, right, plain bars). After DENV-2 challenge, the antibody profile induced in these animals showed similarity to that observed for nonvaccinated controls, except against serotype 3 ([Fig. 5](#F5){ref-type="fig"}, right, hatched bars): NAb titers were strongly increased against both serotypes 2 and 1, while lower levels of heterotypic antibody responses were boosted against serotype 4 and against serotype 3.

A significant increase in the neutralizing antibody response to all four DENV serotypes was induced in the CYD-TDV-vaccinated monkeys further challenged with DENV-2 compared with their prechallenge baseline titers. NAb titers elicited against DENV-2 were not significantly different from heterotypic NAb titers induced against DENV serotypes 1, 3, and 4 (*P* \> 0.5 for all) or from homotypic NAbs raised in MV CYD2-vaccinated challenged animals. The lowest booster effect on heterotypic responses was observed against serotype 4 ([Fig. 5](#F5){ref-type="fig"}).

Viremia and neutralizing antibody responses after DENV-4 challenge. {#sec2-6}
-------------------------------------------------------------------

The aim of the third study was to assess the level of protection conferred by CYD-TDV against a DENV-4 challenge under the new conditions of i.v. high-dose infection (study C) ([Table 1](#T1){ref-type="table"}). Two groups of 6 macaques, either naive or vaccinated with CYD-TDV (lots were different from those tested in study B), were challenged with DENV-4 strain 1036 at 7.0 log~10~ CCID~50~ by the i.v. route ([Fig. 6](#F6){ref-type="fig"}). Two similar groups challenged with DENV-2 were used as reference groups.

![RNAemia and NAbs elicited after DENV-2 or DENV-4 challenge (study C). Twelve mock-inoculated and 12 CYD-TDV-vaccinated NHPs were separated into two groups and challenged by the i.v. route with 7.0 log~10~ CCID~50~ of either DENV-2 or DENV-4. (A) Viral RNA in plasma samples was quantified by RT-qPCR at the indicated days postchallenge. The left panel shows mean RNA titers ± standard deviations. The right panels show individual RNA titers, with the exception of DENV-4 mock-infected monkeys, as viremia was undetectable (animals are indicated at the top). Best mathematical curve fits are shown (*R*^2^ ≥ 0.95 for all). (B) NAb titers were quantified prechallenge (day −7) (plain bars) and postchallenge (day 14) (hatched bars) by an SN~50~ assay. Fold increases in SN~50~ titers against each DENV serotype (days 1 to 4) are presented at the bottom for all groups. The dashed lines indicate the detection threshold.](zjv0121835870006){#F6}

Control animals infected with DENV-4 showed homogeneous RNAemia profiles, with mean peak titers reaching 6.6 ± 0.4 log~10~ GEQ/ml, in a range similar to those observed for DENV-2-infected controls ([Fig. 6A](#F6){ref-type="fig"}). However, RNA peak titers were achieved slightly faster and returned to baseline levels earlier after DENV-4 than after DENV-2 infection, indicating faster clearance. Overall, the duration of RNAemia was shorter with DENV-4 than with DENV-2.

DENV-4 genomic RNA was not detected in any of the vaccinated monkeys challenged with DENV-4, suggesting that infection with this serotype was fully prevented by CYD-TDV vaccination. A low-level antibody response against secreted DENV-4 NS1 was detected in 4 of 6 vaccinated monkeys by a quantitative ELISA, compared with nonvaccinated controls (GMTs, 1.6 ± 0.5 log~10~ ELISA units \[EU\] versus 4.0 ± 0.1 log~10~ EU, respectively). This might be due to the presence of residual NS1 in the DENV-4 inoculum or, alternatively, might be indicative of early, limited DENV-4 replication. However, since this response remained close to the positive cutoff of the assay (1.3 log~10~ EU) and no RNAemia was detected, CYD-TDV-vaccinated NHPs were regarded as being fully protected against DENV-4. As in study B, a significant, but not complete, reduction of DENV-2 RNAemia, was observed upon challenge with DENV-2 (*P* \< 0.0001 for AUC and peak titer reductions). Also, all vaccinated animals developed lower DENV-2 NS1 antibody titers than those of nonvaccinated controls (mean titers of 3.4 ± 0.3 log~10~ EU versus 4.1 ± 0.1 log~10~ EU, respectively).

In the vaccinated NHPs, prechallenge NAb titers (day −7) against DENV-4 were about 20-fold higher (+1.3 log~10~ units) than those against DENV-2 ([Fig. 6B](#F6){ref-type="fig"}). After infection with the homologous serotype, the increase in the homotypic response to DENV-2 was approximately 8 times higher than that of the response to DENV-4 (200-fold versus 25-fold, respectively). Heterotypic NAb responses to DENV-1, -2, or -3 were not significantly increased after DENV-4 infection of either vaccinated or nonvaccinated animals, as opposed to homotypic responses to DENV-4. As in study B, a strong increase in heterotypic responses to DENV-1, -3, and -4 together with homotypic responses to DENV-2 was observed after DENV-2 infection in both vaccinated and nonvaccinated animals.

Immune parameters correlating with postchallenge DENV-2 viremia. {#sec2-7}
----------------------------------------------------------------

Correlation analyses were conducted on data from study B with the aim of identifying potential associations between prechallenge immune parameters and postchallenge DENV-2 viremia readouts (see comparisons in Table S5 in the supplemental material). The most statistically significant correlations are presented in [Fig. 7](#F7){ref-type="fig"}.

![Parameters correlating with viremia after DENV-2 challenge (study B). Shown are data from assessments of statistical correlations between individual viremia AUCs of MV CYD-2 groups calculated within the first 5 days postchallenge and YFV NS1 ELISA titers at day 28 postvaccination (A) and prechallenge SN~50~ plateau titers to DENV-2 and viremia AUCs of either MV CYD-2 or CYD-TDV groups calculated within the 5 first days postchallenge (B). All investigated correlations are presented in Table S5 in the supplemental material. Red dotted lines indicate the assay threshold.](zjv0121835870007){#F7}

Statistically significant inverse correlations were observed between the AUC (calculated within the first 5 days postchallenge) and (i) day 28 YFV NS1 antibodies for MV CYD-2 groups ([Fig. 7A](#F7){ref-type="fig"}) and (ii) prechallenge DENV-2 SN~50~ titers at the plateau of the response (i.e., mean values of day 149 and day 305 titers) for MV CYD-2 ([Fig. 7B](#F7){ref-type="fig"}) and CYD-TDV ([Fig. 7C](#F7){ref-type="fig"}) groups.

DISCUSSION {#sec3}
==========

The aim of the present work was to reassess, in macaques, the protection conferred by the CYD-TDV vaccine, as a reverse translational post-phase III approach, under more stringent conditions of DENV infection than the ones employed previously. This strategy was based on the assumption that by using viremia levels that approximate those observed after natural dengue virus infection in humans, the new NHP model would have a better ability to predict CYD-TDV clinical efficacy against serotype 2.

The combined impact of three infection routes (s.c., i.d., and i.v.) and two DENV-2 doses (5 and 7 log~10~ CCID~50~) was first evaluated in cynomolgus macaques in order to select the most virulent challenge conditions. The average duration of viremia upon s.c. or i.d. inoculation at 5 log~10~ CCID~50~, and the shortened time to peak viremia at 7 log~10~ CCID~50~, was consistent with data from a previously reported meta-analysis of dengue virus infection in NHPs ([@B46]). The highest viremia levels were reached after i.v. inoculation of dengue virus type 2 at 7 log~10~ CCID~50~, with RNA titers being about 2 log~10~ units above those achieved after standard s.c. inoculation at 5 log~10~ CCID~50~. DENV-2 kinetics were shown to be highly homogeneous among animals and consistent between studies, in line with results described previously by Onlamoon et al. ([@B36]). However, in contrast to what was reported by Onlamoon et al., infection with DENV-2 (same strain, 16681) or DENV-4 did not result in cutaneous hemorrhages. Differences in animal genetics, sexes, and ages (i.e., young cynomolgus males in our study versus aged Indian rhesus females in the study by Onlamoon et al.) are likely to account for the discrepancies in results.

Full protection against viremia was achieved in all CYD-TDV-vaccinated macaques challenged with DENV-4 by the i.v. route, in line with the protective activity against this serotype described for NHPs under standard infection conditions, i.e., 5 log~10~ PFU via the s.c. route ([@B15]). In contrast, prevention of DENV-2 viremia was observed for only 20 to 30% of vaccinated monkeys, compared with 100% in previous NHP studies using the standard challenge protocol ([@B15], [@B23]). A different method was used in those early studies to assess vaccine protective activity: infectious virus titration by the focus-forming unit (FFU) method versus viral RNA quantification by an RT-qPCR assay in the present study. It is difficult to compare data from experiments conducted several years apart, but we have tried to estimate the number of DENV-2 aviremic animals postchallenge that would have been in our study if we had used an FFU assay. Knowing that the positive threshold was previously set at 1.7 log~10~ FFU/ml and using a preestablished GEQ/FFU ratio of 2.8 log~10~ units, prevention of DENV-2 viremia would have been detected in about 60 to 70% of vaccinated animals, suggesting that the low sensitivity of the FFU method compared with the PCR assay might also have contributed to overestimations of the protective activity of the CYD vaccine in previous NHP studies.

However, even if the FFU method had been applied to our study, CYD-TDV-induced protective activity against DENV-2 would have remained only partial, in better agreement with clinical efficacy data than with the previous NHP results ([@B15], [@B23]).

Despite the low number of animals that were fully protected against DENV-2 in the present study, our findings provide valuable information on the contribution of serotype 2 to vaccine efficacy. First, the similar rates of reduction of DENV-2 viremia achieved with monovalent and tetravalent formulations suggested that protective activity, even partial, was mediated mainly by CYD-2 *per se* and not by the other CYD serotypes. Second, the dominant neutralizing antibody responses raised by CYD-TDV against DENV-1 and DENV-4 that were still detectable at the time of challenge did not appear to affect vaccine protection against DENV-2.

All animals that were unprotected after DENV-2 challenge showed lower, but not delayed, RNA peak titers and a shorter duration of RNAemia than did the nonvaccinated control monkeys, suggesting that DENV-2 infection was rapidly counteracted by the vaccine-induced immune response. Early events in challenged vaccinated NHPs, such as a lower level and/or a more transient induction of DENV-specific IgM and DENV-2 NS1 antibodies as well as higher neutralizing antibody responses than in control animals, also support postinfection immune control. Moreover, we were able to establish a clear, statistically significant inverse correlation between neutralizing antibody titers before challenge and the DENV-2 viremia AUC. This observation confirmed the critical role of neutralizing antibodies in mediating protection against DENV. This was previously suggested for NHP, based on protection against challenge by passively transferred antibodies ([@B38], [@B40]), as well as for naturally infected humans ([@B47], [@B48]).

The strong increase in the titers of neutralizing antibodies against DENV-2 after a homologous viral challenge performed 10 months after the first immunization (and 8 months after the booster dose) revealed the capacity of the CYD vaccine to elicit immunological memory. The early induction of ELISA antibodies against YFV NS1 and the dengue virus-specific IgM-to-IgG switch postvaccination were the hallmarks of efficient immune priming that was probably a key driver in establishing immune memory. Interestingly, YFV NS1 antibody titers induced after the first vaccine dose were shown to be inversely correlated with the postchallenge DENV-2 viremia AUC in MV CYD-2 groups. Antibodies to the secreted form of YFV NS1 were assessed here as an indirect indicator of CYD replication. However, no correlation between CYD viremia postvaccination and DENV-2 viremia postchallenge in both MV CYD-2 groups could be demonstrated. This might reflect the higher sensitivity of the YFV NS1 Ab ELISA for detecting low, transient levels of CYD replication. However, given the multiple functions associated with flavivirus soluble NS1 (reviewed in reference [@B49]), the meaning of this inverse correlation remains to be elucidated. Additional immune parameters that were not tested, such as the quality of neutralizing antibodies (avidity, IgG subclass, and epitope specificity, etc.) and the contribution of other types of functional antibodies (e.g., antibody-dependent cell-mediated cytotoxicity or phagocytosis) or of cell-mediated immunity, might also have been involved in mediating protection.

CYD-TDV vaccination did not confer sterilizing immunity in NHPs after DENV-2 or DENV-4 challenge, even for animals with undetectable or low-level/transient dengue virus RNAemia, which developed a strong anamnestic response, in agreement with previous observations of macaques immunized with CYD-TDV or other tetravalent dengue vaccine candidates ([@B15], [@B50], [@B51]).

Heterotypic antibody responses elicited in monkeys exposed to primary DENV infection are poorly documented in the literature ([@B50], [@B52], [@B53]). NHPs primarily infected with DENV-2 developed heterotypic neutralizing antibodies to DENV-1 and, to a lesser extent, to DENV-4. In contrast, animals vaccinated with MV CYD-2 developed heterotypic responses mainly to DENV-4. It is uncertain whether the distinct origins of the DENV-2 envelopes expressed by the challenge strain (strain 16681) and the MV CYD-2 vaccine (strain PUO-218) may account for the differences in heterotypic responses. In addition, CYD-2-primed monkeys that were further challenged with DENV-2 displayed broader and higher-level cross-reactive responses against the four serotypes. These responses were not different from those elicited in CYD-TDV-vaccinated monkeys further infected with DENV-2. Conversely, the neutralizing antibody response elicited upon DENV-4 infection was highly type specific in both naive and CYD-TDV-vaccinated NHPs. These findings were in agreement with the cross-reactive neutralizing antibody profile reported for CYD-TDV-vaccinated human subjects with no preexisting immunity to DENV ([@B54]). In this study, DENV-4 was shown to be neutralized mainly by type-specific antibodies, whereas DENV-2, together with DENV-1 and DENV-3, was neutralized mostly by cross-reactive antibodies. These data confirmed that some aspects of CYD-TDV heterotypic responses observed in dengue virus-naive humans could be reproduced in NHPs.

Although our improved NHP challenge model was able to replicate several immunological features observed for naturally dengue virus-infected humans showed a good correlation with data on the clinical efficacy of CYD-TDV against both dengue virus serotypes 2 and 4. However, it still displays some inherent limitations.

Lower efficacy and an increased risk of hospitalization have been reported for CYD-TDV-vaccinated subjects aged \<9 years who were mainly seronegative for DENV ([@B20], [@B59]; Sridhar et al., submitted). Our study was conducted with flavivirus-negative monkeys, which should have theoretically been representative of this younger population. However, it was not possible to retrospectively predict such clinical data from the present preclinical results. This is because (i) the protective activity of CYD-TDV against DENV-1 and DENV-3 was not assessed in NHPs and (ii) the relative protective efficacy against DENV-2 and DENV-4 disease in subjects aged \<9 years could not be statistically established due to the limited number of cases. Furthermore, the lack of clinical signs in our NHP model, which was not expected from data reported previously ([@B36]), remains a major limitation for predicting the potential risks of dengue disease after vaccination. This absence of disease despite a 2-log increase in viremia levels also strongly suggests that achieving high viral loads is not sufficient to induce the pathogenesis of human DENV strains in NHPs. Further exploration of genetic factors and immunological mechanisms underlying the resistance of NHPs to DENV-induced pathogenesis may help to refine this model and expand its translational relevance, as suggested by others ([@B55], [@B56]).

This is the first reverse translational approach to be used on a dengue vaccine and has enabled the current NHP model to be improved. Major assets include providing more conclusive data on the protective activity of CYD-TDV with a limited number of animals and identifying potential immune correlates of protection in monkeys. Additional studies will be needed once clinical efficacy data from other dengue vaccine candidates become available to confirm the predictive value of this monkey model.

MATERIALS AND METHODS {#sec4}
=====================

Study design. {#sec4-1}
-------------

The design of the three studies conducted with cynomolgus macaques, named studies A, B, and C, is described in [Table 1](#T1){ref-type="table"}. The immune protection studies B and C were conducted with groups of 6 or 7 monkeys. This number was inferred from a meta-analysis of data from 12 previous studies conducted at Sanofi Pasteur on CYD-TDV-immunized monkeys. According to this analysis, a sample size of 6 animals allows the detection of a difference of 0.6 log~10~ units in DENV-2-specific NAb titers between groups, with 80% statistical power and a 5% alpha risk.

Animals, inoculations, and follow-up. {#sec4-2}
-------------------------------------

All studies were conducted with flavivirus-naive male Macaca fascicularis monkeys from Mauritius Island (Noveprim breeder), aged to 2 to 3 years and weighting 2.0 to 2.5 kg at the start of the study. Animals were randomized according to body weight and social affinities and were housed at Sanofi Pasteur (Marcy l\'Etoile, France) in collective cages. Challenge studies were conducted at the Commissariat à l\'Energie Atomique (CEA) (Fontenay-Aux-Roses, France) in biosecurity level A3 facilities. Animals were acclimatized in communicating individual cages for 1 month before DENV-2 or DENV-4 challenge. All animal protocols were approved by the Sanofi Pasteur internal animal care committee, and European guidelines for animal care were applied at both locations.

Challenge was done in a blind manner (no information on the administered vaccine was given to the CEA). s.c. and i.d. inoculations were done in the right scapula, and i.v. inoculations were done in the saphenous vein. Blood samples were taken from either unanesthetized or anesthetized macaques, and cumulated blood sample volumes per animal and per week did not exceed 10% of the total blood volume. Clinical examination of challenged animals was performed daily. Body weight and rectal temperature were recorded at each sampling time, and a complete blood count was performed: hematocrit, hemoglobin, red blood cells, thrombocytes, and white blood cells and their subsets (lymphocytes, monocytes, and granulocytes). Serum glutamate-pyruvate transaminase (GPT) and proteinemia levels were also determined.

Products under test. {#sec4-3}
--------------------

Immediately before inoculation into monkeys, clinical CYD-TDV vaccine doses (lyophilized purified product with a target formulation of 5/5/5/5, e.g., around 5.5 log~10~ CCID~50~ of each serotype) were resuspended in 0.5 ml of vaccine diluent, and the concentration of the MV CYD-2 lots (purified virus in liquid formulations) was adjusted to 5.5 log~10~ CCID~50~ per 0.5 ml of vaccine diluent. Two doses of each formulation were kept on ice during the inoculation time, and the titer was determined by a CCID~50~ assay at the end of the procedure. All titers were judged to conform.

The DENV-2 16681 and DENV-4 1036 wild-type strains were described previously ([@B57]). An internal Vero cell bank established from a cell clone derived from the ATCC CCL81 cell line was used for virus amplification. Frozen viral aliquots were thawed and diluted extemporaneously in phosphate-buffered saline (PBS). The inoculation volume by the s.c or i.d. route was 0.5 ml, and that by the i.v. route was 1 ml.

Real-time PCR quantification. {#sec4-4}
-----------------------------

Total RNA from plasma samples was extracted, and DENV RNA copy numbers were then determined by RT-qPCR, as described previously ([@B58]). The LOD and limit of quantification (LOQ) of these assays are 3.0 log~10~ GEQ/ml (i.e., 1 to 10 PFU/ml, depending on the serotype) and 3.3 log~10~ GEQ/ml, respectively. Samples for which no virus was detected were assigned a value of 2.7 log~10~ GEQ/ml (i.e., half the LOD) for GMT calculations.

Neutralizing antibodies. {#sec4-5}
------------------------

NAb responses to the DENV-1 16007, DENV-2 16681, DENV-3 16562, and DENV-4 1036 strains were monitored in 96-well tissue culture plates by an SN~50~ assay, as previously described ([@B15]) ([@B16]). The assay LOD, expressed as a reciprocal serum dilution, is 10, and a value of 5 was assigned to all samples below the LOD in calculations.

ELISAs. {#sec4-6}
-------

IgM and IgG responses to all four dengue virus serotypes were monitored by using the dengue virus IgM capture DxSelect and dengue virus IgG DxSelect human diagnostic kits (Focus Diagnostic), respectively, based on inactivated and purified dengue virus types 1 to 4 as capture antigens. The kits were used according to the manufacturer\'s instructions, and the positive threshold was set for an index value above 1, as for human samples. Negative index values were replaced by 0.001 in order to calculate geometric means and standard deviations. According to the manufacturer, the dengue virus IgG DxSelect ELISA kit shows 50% to 60% cross-reactivity with sera from YFV-vaccinated individuals. Since the CYD viruses do not express the YFV envelope genes (prM/E) and were purified, this potential cross-reactivity was not considered an issue for this study.

YFV and DENV-2 or DENV-4 NS1-specific IgG antibodies were measured by NS1 antibody capture ELISAs, using purified His-tagged recombinant hexameric NS1 protein (The Native Antigen Company Ltd.) as the coating antigen. Single-dilution assays (serum dilution of 1:2,000) were performed in study B, and results were expressed as the absorbance difference between 450 nm and 650 nm (OD~450--650~), corrected for blank readings. Positive OD cutoffs of 0.01 and 0.05, defined as the means plus 3 times the standard deviations calculated from a panel of naive monkey samples, were set for the YFV and DENV-2 NS1 proteins, respectively.

In study C, DENV-2 and DENV-4 NS1 antibody titers were established by regression analysis over a wide range of 2-fold serial serum dilutions, using reference NHP serum (serum from control animals infected with DENV-2 or DENV-4, respectively). The titer of the reference serum was established in repeated, independent assays and calculated as the mean of the reciprocal serum dilution giving an OD~450--650~ of 1.0. The positive cutoff was set at 20 (1.3 log~10~ EU), and an arbitrary value of 10 (1 log~10~ EU) was assigned to all titers below this cutoff. It should be noted that although the DENV-2 challenge inoculum may have contained a residual amount of secreted NS1, its impact on the total anti-NS1 antibody response postchallenge was minor.

Statistical analyses. {#sec4-7}
---------------------

Analyses of immune or virological parameters were carried out by using variance analysis models (parametric or nonparametric analyses depending on the tested readout). The percentages of positive monkeys (virus or neutralizing antibodies) were compared by using the Fisher test. When multiple comparisons were performed, *post hoc* adjustments were applied to have a global alpha risk of 5%. The association between postchallenge DENV-2 viremia and prechallenge vaccine-specific humoral responses was assessed by calculating Pearson correlation coefficients. All statistical analyses were performed with SAS v9.2 software. A margin of error of 5% was used for effects of the main factors.
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###### Supplemental material

Supplemental material for this article may be found at <https://doi.org/10.1128/JVI.00440-18>.
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